Objective: Osteoprotegerin (OPG), an inhibitor of osteoclastic bone resorption, has a variety of functions including anti-inflammatory effects and a possible cardiovascular protective role. Both low-grade chronic inflammation and cardiovascular risk are increased in women with the polycystic ovary syndrome (PCOS). We aimed to study serum OPG concentrations in PCOS patients. Design: Case-control study including 40 PCOS patients matched with 40 non-hyperandrogenic women for age and body mass index. Methods: Basal serum sampling and standard oral glucose tolerance test, and measurement of serum OPG concentrations by commercial ELISA. Results: Serum OPG concentrations were lower in women with PCOS compared with those of controls (304G120 vs 363G105 pg/ml respectively; FZ7.641, PZ0.007) independently of obesity. No differences were observed in serum receptor activator of nuclear factor-kB ligand (RANKL) levels and in the RANKL/OPG molar ratio. A multivariate linear regression model (R 2 Z0.208, FZ6.579, PZ0.001) showed that PCOS (bZK0.281, PZ0.008), obesity (bZK0.245, PZ0.022) and age (bZ0.296, PZ0.006) were predictive of serum OPG concentrations. Conclusions: Serum OPG concentrations are reduced in PCOS patients independently of obesity. Considering the anti-inflammatory effects of OPG, its reduced serum concentrations might contribute to the proinflammatory state and cardiovascular risk of PCOS patients.
Introduction
The polycystic ovary syndrome (PCOS) is one of the most common endocrine disorders, affecting 6.5% of women of fertile age in Spain (1) . Over past years, a chronic proinflammatory state has been associated with hyperandrogenism and PCOS (2) . On the one hand, increased serum C-reactive protein concentrations have been reported in PCOS patients (3) . On the other hand, we have shown that common polymorphisms in the genes encoding tumour necrosis factor (TNF)-a, type 2 TNF receptor, interleukin (IL)-6, and the IL-6 signaling molecule gp130 are associated with hyperandrogenism and PCOS, or influence hyperandrogenic phenotypic traits (4) (5) (6) (7) . Moreover, we have also shown that circulating IL-18, another proinflammatory cytokine, is increased in women presenting with hyperandrogenism and PCOS, correlating with body mass index (BMI) and with the degree of insulin resistance (8) .
Serum markers of inflammation are being increasingly recognized as predictors of atherosclerosis and cardiovascular disease (9, 10) . The increased concentration of these inflammatory markers clusters with classic cardiovascular risk factors -including obesity, dyslipidemia, glucose intolerance, type 2 diabetes, and hypertension -in some patients. In fact, chronic lowgrade inflammation has been proposed to play a role in the pathogenesis of insulin resistance and the subsequent development of cardiovascular disease (11, 12) .
Osteoprotegerin (OPG) is a member of the tumor necrosis factor receptor superfamily and is a secretory basic glycoprotein that exists in a 60 kDa monomeric form and a disulfide-linked homodimeric form of 120 kDa (13, 14) . OPG is produced in many different tissues and cell types (13, 14) and, by binding and neutralizing the receptor activator of nuclear factor-kB ligand (RANKL), exerts an inhibitory effect on osteoclastic bone resorption (15) .
Besides, OPG has other biological functions, including anti-inflammatory actions, such as an anti-apoptotic effect resulting from the binding of TNF-related apoptosis-inducing ligand (TRAIL) with a consequent inhibition of the apoptosis process of susceptible cells (16) . Interestingly, endothelial cells are one of the sites in which the anti-apoptotic effects of OPG have been demonstrated (17, 18) , suggesting a protective vascular role of the latter (19) . Therefore, OPG has, apart from the aforementioned effects on osteoclastogenesis, other functions in vascular processes and immune responses that may be relevant to the pathogenesis of PCOS and its associated co-morbidities.
Recently published data show that obesity and insulin resistance result in a decrease in serum OPG concentrations (20, 21) . However, to our knowledge, no studies have been published so far addressing serum OPG and RANKL concentrations in PCOS patients.
Materials and methods

Subjects
For the present case-control study, 40 PCOS patients and 40 non-hyperandrogenic women, matched for age and BMI, were recruited. The diagnosis of PCOS was established according to the criteria derived from the 1990 National Institute of Child Health and Human Development (NICHD) conference (22) . Specifically, PCOS was defined by oligo-ovulation, clinical and/or biochemical hyperandrogenism, and exclusion of hyperprolactinemia (serum prolactin below 24 ng/ml (24 mg/l)), non-classic congenital adrenal hyperplasia (basal 17-hydroxyprogesterone levels below 1.7 ng/ml (5.1 nmol/l) (23)), androgen-secreting tumors, and thyroid dysfunction (thyrotropin between 0.35 and 4.5 mU/ml). Evidence for oligo-ovulation was provided by chronic oligomenorrhea or, in regularly menstruating women, by luteal phase progesterone below 4 ng/ml (12.7 nmol/l) or by basal body temperature charts. All the control premenopausal women had no clinical or biochemical evidence of hyperandrogenism and had regular menstrual cycles. None of the patients or controls had received chronic pharmacological therapy with any drug for the previous 6 months. The ethics committee of the Hospital Ramón y Cajal approved the protocol, and informed consent was obtained from each woman.
Anthropometrics and analytical parameters
Clinical and anthropometrical variables, including a modified hirsutism score (24) , BMI, and waist-to-hip ratio were determined by a single investigator in all the subjects. The minimal waist circumference was recorded using a non-stretchable measuring tape. Patients and controls were classified according to their BMI into nonobese (BMI!30 kg/m 2 ) or obese (BMIR30 kg/m 2 ) subgroups. Office blood pressure was determined in every patient as the mean of two manual sphygmomanometer readings at the sitting position.
Serum and plasma samples were obtained between days 5 and 10 of the menstrual cycle or during amenorrhea after excluding pregnancy. After a 3-day 300 g carbohydrate diet and a 12-h overnight fasting, samples were obtained early in the morning for the measurement of total testosterone, 17-hydroxyprogesterone, sex hormone-binding globulin (SHBG), androstenedione, DHEA-sulfate, luteinizing hormone, follicle-stimulating hormone, estradiol, prolactin, and thyrotropin. Complete serum biochemistry and lipid profiles were also obtained. Then, a 75 g oral glucose tolerance test was performed, and samples were obtained for measurement of serum insulin and plasma glucose at 0, 30, 60, 90, and 120 min. Samples were immediately centrifuged, and serum was separated and frozen at K30 8C until assayed.
Serum OPG concentrations were measured in duplicate using a commercial ELISA (RayBiotech Inc., Norcross, GA, USA). The sensitivity of the assay was 1 pg/ml (0.018 pmol/l) and the mean intra-and inter-assay coefficients of variation were below 10%. Serum RANKL levels were measured in duplicate using a commercial enhanced ELISA (ampli sRANKL human, Biomedica Gruppe, Vienna, Austria). The assay was run in parallel using two plates, each containing its own standard curve. We added two standard concentrations, containing 0.625 and 1.25 pg/ml, to the 0, 2.5, 5, 10, 20, and 40 pg/ml standard concentrations provided with the kit. The fourparameter standard curves resulting from the measurement of these standard concentrations had coefficients of determination (R 2 ) of 0.99959 and 0.99924, and the measurement of the internal quality control provided with the kit was 5.7 pg/ml (reference value 5.8 pg/mlGS.D. 1.8 pg/ml). Following the indications of the manufacturer's insert, and as has been done in recent studies (25) , values less than the 0.625 pg/ml standard concentration were extrapolated from the four-parameter curves. The lowest detectable serum RANKL concentration was 0.075 pg/ml, and undetectable values were set at 0.075 pg/ml for statistical analysis. The mean intraand inter-assay coefficients of variation, as reported by the manufacturer, were below 10%. The molar serum RANKL/OPG molar ratio was calculated after converting the serum RANKL and OPG metric concentrations (molecular weights 20 and 55 kDa respectively) to pmol/l.
The technical characteristics of the assays employed for plasma glucose, lipid profile and serum hormone measurements have been described elsewhere (8, 26, 27) . The free testosterone (FT) concentration was calculated from total testosterone and SHBG concentrations (28) . The composite insulin sensitivity index was calculated from the circulating glucose and insulin concentrations during the oral glucose tolerance test according to Matsuda & DeFronzo (29) .
Statistical analysis
Results are expressed as meansGS.D. unless otherwise stated. The Kolmogorov-Smirnov statistic was applied to continuous variables. Logarithmic or square root transformations were applied as needed to ensure a normal distribution of continuous variables.
Comparisons of continuous variables between two groups were done by independent sample t-test and for categorical data by the c 2 -test or Fisher's exact test, as appropriate. To analyze the effects of PCOS, obesity, and their interaction, on serum OPG and RANKL concentrations, two-way ANOVA was employed to avoid type 1 errors arising from multiple comparisons.
The relationship between continuous variables was assessed by Pearson's correlation analysis. Finally, a stepwise (probability of F to enter %0.05, probability of F to remove R0.10) multiple linear regression model was used to evaluate the influence of several independent variables on serum OPG concentrations. Analyses were performed using SPSS 10 for Macintosh (SPSS Inc., Chicago, IL, USA). P!0.05 was considered statistically significant.
Results
The clinical and biochemical characteristics of the PCOS patients and non-hyperandrogenic controls are shown in Table 1 . Compared with the controls, PCOS patients presented with higher hirsutism score, serum total and FT, androstenedione, DHEA-sulfate, and triglyceride concentrations, whereas their serum SHBG, estradiol and high-density lipoprotein cholesterol concentrations, and their insulin sensitivity index were reduced ( Table 1) .
As expected from appropriate matching, no differences were observed among PCOS patients and control women in age, BMI, frequency of obesity, and frequency of smokers (Table 1) .
Serum OPG concentrations were lower in PCOS patients compared with those of non-hyperandrogenic control women (304G120 and 363G105 pg/ml respectively, FZ7.641, PZ0.007, Fig. 1) , whereas obesity showed a borderline non-significant lowering effect on serum OPG concentrations (FZ3.045, PZ0.085, Fig. 1 ). Furthermore, the effects of PCOS and obesity were independent, because their interaction had no statistically significant effects on serum OPG concentrations (FZ0.001, PZ0.974, Fig. 1 ). PCOS patients and controls presented with similar serum RANKL levels (1.04G0.83 vs 1.43G1.46 pg/ml, FZ1.398, PZ0.241; Fig. 1 ) and serum RANKL/OPG molar ratios (0.012G0.011 vs 0.012G0.013, FZ0.010, PZ0.922, Fig. 1 ), and these variables were also similar in non-obese and obese women (FZ0.048, PZ0.828 for serum RANKL levels and FZ0.124, PZ0.725, for serum RANKL/OPG molar ratio; Fig. 1 ).
Serum OPG concentrations showed weak but statistically significant direct correlations with age (rZ0.258, PZ0.021) and serum SHBG concentrations (rZ0.285, PZ0.010), and inverse correlations with the hirsutism score (rZK0.360, PZ0.001) and with serum-FT levels (rZK0.274, PZ0.014; Fig. 2 ).
Considering that women with PCOS differed with respect to the non-hyperandrogenic control women in several variables, such as serum androgens, estradiol, Table 1 Clinical and biochemical variables of the polycystic ovary syndrome (PCOS) patients and controls.
PCOS (nZ40)
Controls ( The model (R 2 Z0.208, FZ6.579, PZ0.001) showed that PCOS (bZK0.281, PZ0.008), obesity (bZK0.245, PZ0.022), and age (bZ0.296, PZ0.006) were statistically significant determinants of serum OPG concentrations, meaning that 20.8% of the variation in serum OPG levels was explained by the variation in these three variables. On the contrary, the addition to the model of the insulin sensitivity index and waist circumference as independent variables did not result in any significant changes (data not shown). When BMI was introduced as the independent variable instead of the presence of obesity, the model (R 2 Z0.170, FZ6.545, PZ0.002) only retained PCOS (bZK0.318, PZ0.004) as a statistically significant predictor of serum OPG concentrations, whereas BMI (bZK0.143, PZ0.108) and age (bZ0.192, PZ0.078) were excluded.
Discussion
Our present results show for the first time that serum OPG concentrations are reduced in PCOS patients and that this finding is independent from obesity. Furthermore, according to the results of the regression analysis, our data confirm that obesity has a negative impact on serum OPG levels in premenopausal women, as has been reported in two previous studies conducted in different populations (20, 21) .
The reduction of serum OPG in PCOS and obesity might be related to the increased cardiovascular risk associated with these disorders, given that OPG may play a protective role in the vasculature by both inhibition of RANKL and TRAIL, preventing plaque complication and apoptosis of endothelial cells. On one hand, by failing to neutralize RANKL, reduced OPG levels might favor cardiovascular disease, because RANKL overexpression is a prominent feature prone to rupture vulnerable atherosclerotic lesions, RANKL may also contribute to the transition from a stable to an unstable plaque (30) , and the serum level of RANKL is a highly significant predictor of cardiovascular disease (31) . However, it must be noted that neither serum RANKL levels nor the serum RANKL/OPG molar ratio were different in our PCOS patients compared with the non-hyperandrogenic Figure 1 Serum osteoprotegerin (OPG) and RANKL concentrations, and the serum RANKL/OPG molar ratio, in obese and nonobese PCOS patients (grey boxes) and non-hyperandrogenic controls (white boxes). The box plot includes the median (horizontal line) and the interquartile range (box), and the whiskers indicate the minimum and maximum data values, unless outliers are present in which case the whiskers extend to a maximum of 1.5 times the interquartile range. *PZ0.007 between PCOS patients and healthy controls by two-way ANOVA. There was a near-significant difference in serum OPG concentrations between obese and lean women (PZ0.085), whereas no statistically significant interaction between PCOS and obesity was observed (PZ0.974). Neither PCOS nor obesity showed statistically significant influences on serum RANKL levels and on the serum RANKL/OPG molar ratio. controls, suggesting that the possible consequences of reduced OPG concentrations in PCOS may be independent of an actual increase in serum RANKL concentrations and availability. On the other hand, a less effective inhibition of TRAIL resulting from the reduction in serum OPG concentrations could also favor the development of cardiovascular disease in PCOS patients, because TRAIL facilitates apoptosis, and apoptosis initiates mineralization (32) , macrophage recruitment, and inflammation on atherosclerotic plaques, resulting in intimal calcification (11, 19) .
In conceptual agreement with a role of decreased OPG levels in the development of cardiovascular disease, animal models showed an accelerated progression of atherosclerotic lesions with calcification in mice lacking OPG (33) , OPG knockout mice display arterial calcification (34) , and parenteral administration of OPG in rats prevents the vascular calcification induced by treatment with warfarin and supraphysiological doses of vitamin D (35) .
However, increased circulating OPG levels have also been found in association with the presence and severity of coronary artery disease (36) (37) (38) , peripheral artery disease (39) , and stroke (40) , suggesting that OPG may serve as a biomarker of established atherosclerosis in humans (41, 42) . The apparent paradox of increased levels of a cardiovascular protective molecule in subjects with established atherosclerotic disease may result from a local compensatory response to atherosclerosis. Yet it is also equally possible that OPG, when present in very high concentrations (subjects with atherosclerotic disease show a fivefold increase in serum OPG compared with the young women included in our study) may indeed play a pathogenic role in cardiovascular disease (41) derived from putative pro-inflammatory and proatherosclerotic effects (43, 44) ).
For the reasons explained above, the actual mechanisms underlying the decrease in serum OPG concentrations in PCOS patients remain unknown. We might speculate that the lower levels of estradiol observed in our PCOS women when compared with the controls could have been one of the pathophysiological factors involved, because estradiol has been shown to upregulate OPG gene expression and production (45, 46) . However, we did not find any correlation between serum estradiol concentrations and serum OPG levels in our study. On the other hand, FT levels were inversely correlated with serum OPG concentrations in our series and could have been one of the involved factors in its reduction (47, 48) . Yet other authors have found that testosterone may indeed increase OPG expression (49) and it correlates positively with serum OPG concentrations in men (50) . Besides, in our study, testosterone levels were not retained as a predictive variable in the multivariate analysis. Finally, insulin resistance, another common characteristic of PCOS patients, has been shown to correlate either directly (51) or inversely (20) with serum OPG concentrations, but we did not find any statistically significant relationship between serum OPG levels and the insulin sensitivity index.
Our study is limited because we did not evaluate bone metabolism in our patients, and OPG concentrations have been shown to be increased in women with osteoporosis when compared with age-matched controls, especially in women with higher bone turnover (52, 53) . However, it must be noted that the patients included in the present study were all young premenopausal women, with very low risk for osteoporosis, and patients and controls were matched for age, BMI, and smoking habit. Besides, it is not yet clear whether PCOS is associated with lower bone mineral density than healthy individuals (54) , especially when there are no other concomitant risk factors for osteoporosis, bone mineral density might be even increased (55) . Therefore, we do not believe that our present results could have been biased by differences in bone metabolism between patients and controls.
In conclusion, serum OPG concentrations are reduced in PCOS patients independently of obesity and in the absence of statistically significant changes in serum RANKL levels and in the serum RANKL/OPG molar ratio. Future studies should address the precise pathophysiological roles of the reduced serum OPG concentration observed in PCOS.
